Alternative splicing is known to be an important source of protein sequence variation, but its evolutionary impact has not been explored in detail. Studying alternative splicing requires extensive sampling of the transcriptome, but new datasets based on ESTs aligned to chromosomes make it possible to study alternative splicing on a genome-wide scale. Although genes showing alternative splicing by exon skipping are conserved as compared to the genome as a whole, we find that genes where structural differences between human and mouse result in genome-specific alternatively spliced exons in one species show almost 60% greater non-synonymous divergence in constitutive exons than genes where exon skipping is conserved. This effect is also seen for genes showing species-specific patterns of alternative splicing where gene structure is conserved. Our observations are not attributable to an inherent difference in rate of evolution between these two sets of proteins, or to differences with respect to predictors of evolutionary rate such as expression level, tissue specificity or genetic redundancy. Where genome-specific alternatively spliced exons are seen in mammals, the vast majority of skipped exons appear to be recent additions to gene structures.
Introduction
Proteome diversity is expanded by the twin evolutionary engines of gene duplication and alternative splicing. Completion of whole genome sequences for a range of eukaryotes has revealed the pervasiveness of gene duplication in evolution. However, an appreciation of the prevalence of alternative splicing has had to await deeper sampling of the transcriptome. Alternative pre-mRNA splicing enables a single gene to encode many different mature mRNA transcripts and potentially several different protein products. Estimates of the fraction of alternative spliced human genes have increased as expressed sequence (EST and cDNA) databases have grown (Kan et al. 2002; Boue et al. 2003) and with the development of new technologies such as exon junction microarrays (Johnson et al. 2003) . Current estimates are that at least 70% of human multi-exon genes are alternatively spliced (Johnson et al. 2003) . At the same time both the fraction of genes that are alternatively spliced, and the number of isoforms generated per gene, appear to be roughly constant over a broad phylogenetic range of metazoa (Brett et al. 2002; Harrington et al. 2004) .
Alternative splicing may result in exon truncation or extension, intron retention, or the inclusion/exclusion of entire exons by exon skipping. Different protein isoforms encoded by a single gene are likely to be variants of a constant protein backbone with the addition or deletion of entire alternative domains (Kriventseva et al. 2003) . This enables some alternative isoforms to encode distinct functions, as has been demonstrated for transmembrane domains and proteinprotein interactions Resch et al. 2004b) . A definitive catalog of the types of alternative splicing occurring in a given organism would require both extensive transcriptome sampling and a finished genome sequence (Modrek and Lee 2002) . These requirements are closest to being fulfilled in human and in mouse. Mapping ESTs onto genomic sequence (Modrek and Lee 2002) reduces the contaminating effect of mixing paralogous sequences and other EST artifacts and allows alternatively spliced variants to be assigned to specific gene structures. This genomic-confirmation approach was used to create the ASAP database which provides a high quality platform for the annotation of alternative splicing in human and mouse .
Despite our growing appreciation of the incidence of alternative splicing in the generation of protein diversity, little is known about its evolutionary impact (Kopelman et al. 2005 ). This contrasts with the depth of research into the evolutionary impact of the other major mechanism of proteome expansion, gene duplication (Lynch and Conery 2000; Kondrashov et al. 2002; Nembaware et al. 2002) . In a key study Modrek and Lee described an association between alternative splicing and changes in the exon-intron structure of orthologous mouse and human genes resulting from lineage-specific gain or loss of exons . This work suggested that alternative splicing may be used as a mechanism for evolution to try incorporating novel exons into a minority of a gene's transcripts (so-called 'minor form' transcripts). Since the gene's ancestral function is maintained by the 'major form' transcripts, this may free the minor form transcript from functional constraint, thus reducing purifying selection. This situation can be likened to the relaxation of constraints on recent gene duplicates, and for this reason minor transcripts generated by alternative splicing have been termed 'internal paralogs' . Evidence for relaxed selection on alternatively spliced sequence regions includes the observations that Alu-containing exons are always alternatively spliced (Sorek et al. 2002; , and that a larger proportion of minor-form transcripts contain premature termination codons (PTCs) . Furthermore, it has recently been shown that alternatively spliced exons themselves show relaxation on sequence constraint with respect to amino acid substitutions (Xing and Lee 2005) . Modrek and Lee's model (2003) predicts that relaxation of selective constraint on the minor transcript isoform will result in faster evolution of the alternatively spliced exon alone, but it makes no predictions about constraints on constitutively translated parts of the gene. Here we investigated whether the generation of an internal paralog through alternative splicing has an impact 3 on selection operating on the entire gene. We considered only alternative splice events in human and mouse that result from exon skipping, and distinguished between conserved alternative splicing and alternative splicing that is specific to either human or mouse. We show that these 'genomespecific' alternatively spliced exons appear to be the result of exon gains following the humanmouse split. We find that although genes showing alternative splicing by exon skipping tend to be slowly evolving, the immediate impact of change in alternative splice pattern is acceleration of sequence evolution in the entire gene. Notably this acceleration is detected in constitutive exon sequence and may be a consequence of amino acid substitutions correlated with the accommodation of an alternatively spliced exon.
Methods

Human-mouse exon-skip conservation
We downloaded the ASAP dataset ) from http://www.bioinformatics.ucla.edu/ASAP/ in December 2003. This dataset includes conservation information for alternatively spliced exons (i.e., exon skip events) in human and mouse genes assigned as orthologous using Homologene data (Wheeler et al. 2004 ).
Conservation of an exon skip event is recorded first with respect to sequence conservation of the alternatively spliced exon in the genomic DNA of the ortholog, and second by determining whether expressed sequence information supports both the inclusion and exclusion of the homologous exon from transcripts in the second species (transcriptomic evidence of alternative splicing of the exon). We defined conserved alternatively spliced exons as those having transcriptomic evidence of alternative splicing in both species. We defined an alternatively spliced exon as 'genome-specific' when there is transcriptomic evidence for its alternative splicing in one species but no genomic evidence for its presence in the second species. Orthology mapping ASAP lists the UniGene identifiers of human and mouse genes.
We extracted the HUGO gene name for each human UniGene id in ASAP and mapped this to unique human and mouse LocusLink ids using Homologene (2 versions: Dec 2003 , Jan 2004 . LocusLink ids were then used as queries for the Ensmart tool (http://www.ensembl.org/Multi/martview) to obtain the associated human (NCBI build 34) and mouse (NCBIM build 32) Ensembl gene names and predicted protein and transcript sequences. Linking to Ensembl using direct Homologene information in this way yielded the sequences of 224 pairs of orthologs. For UniGene ids that we could not map to recent versions of Homologene, we used Ensmart to map the human gene name to a human Ensembl gene identifier and used reciprocal best BLASTP (Altschul et al. 1997) to assign a mouse ortholog. Sequences for a further 56 pairs of orthologs were derived in this step. For those genes that could not be linked to Ensembl via either Homologene or human gene name we used high stringency BLASTP to map a translation product inferred by ASP for each gene to a human Ensembl predicted protein, followed by a reciprocal best BLASTP to assign a mouse Ensembl ortholog. This step found an additional 93 pairs of orthologs. Finally, we used BLASTN to verify all assignments of genes to Ensembl ids by ensuring that the Ensembl predicted transcript for a given gene matched its sequence derived from ASAP.
Identification of 'representative orthologs' in fish
For each gene showing either conserved alternative splicing or genome-specific alternative splicing we used the human protein as query to detect a reciprocal best hit in fugu and in zebrafish imposing an e-value < 1e-10 and requiring coverage of at least 50% of the longer sequence. Each pair of fugu and zebrafish orthologs identified is a representative ortholog pair (Davis and Petrov 2004) belonging to one of two categories, one representing the evolution of genes for which alternative splicing is conserved between human and mouse, and the other representing the evolution of genes with genome-specific alternative splicing where the patterns of alternative splicing differ between human and mouse.
Assessing levels of selective constraint
Human and mouse protein sequences were aligned using CLUSTALW (Thompson et al. 1994 ) and back-translated to generate a codon-based alignment of transcripts. For each gene we used ASAP annotations to extract the sequences of exons that undergo alternative splicing by exon-skipping. Parts of the transcript alignment corresponding to these exons were masked. We calculated K a and K s for the unmasked (constitutive) sequence using the yn00 program in the PAML package (Yang 1997) . For fuguzebrafish representative orthologs K a and K s were calculated based on the entire transcript alignments since no information was available on alternative splicing of exons in these organisms. Determining alternatively spliced exon presence/absence in the human-mouse ancestor
We used chicken as an outgroup to determine whether a given alternatively spliced exon was present in the human-mouse ancestor. Three strategies were employed to detect homologs of human alternatively spliced exons in either the chicken genome or transcriptome. First, translations of the alternatively spliced exon sequence plus 90 nucleotides from each flanking exon were used as TBLASTN queries against the chicken genome. These were required to hit a stretch of chicken chromosome having an 'anchoring' TBLASTN match (E ≤ 1e-5) to the Ensembl predicted translation of the human gene. The flanking sequence was used to further 'anchor' hits to the chromosome and only hits in which at least two thirds of both flanks were aligned with ≥ 50% amino acid similarity were scored. The alternatively spliced exon was scored as 'detected' if at least two thirds of its length was aligned with ≥ 50% similarity, or as 'not detected' otherwise. Second, the alternatively spliced exon sequence alone was used as a BLASTN query against chicken ESTs. Alternatively spliced exons with ≥ 80% of their length aligned, ≥ 70% identity and E < 0.001 were scored as 'detected', or 'not detected' otherwise. The third approach involved a low stringency search strategy that did not require the detection of conservation of the alternatively spliced exon sequence itself. The alternatively spliced exon sequence plus 90 nucleotides from each flanking exon was used as a BLASTN query against chicken ESTs. Only hits in which ≥ 50% of both flanks were aligned were scored. The alternatively spliced exon was scored as 'detected' if the intervening EST sequence between the aligned flanks was ≥10 nt, or 'not detected' otherwise. Finally, to identify 'high confidence' cases where we expect to see a chicken homolog for an alternatively spliced human exon if it exists we applied a Binomial test as outlined in Kan et al. (2002) . We only scored those alternatively spliced exons having sufficiently high splicing frequency in human and for which chicken ortholog EST coverage is deep enough that we expect to detect chicken homologs of these exons.
Influence of frequency of incorporation of alternatively spliced sequence
For each human genome-specific alternatively spliced exon classified as translated and incorporated into productive transcripts according to ASP annotation, we counted the number of ESTs in ASAP supporting each of the two alternative splices: inclusion and exclusion of the exon. We performed the Binomial test employing two threshold cutoffs (we chose t = 0.03 and t = 0.12 to produce roughly equally sized subdivisions of the data) to categorise each exon skip as belonging to one of three frequency classes as used in Figure 2 . For example, an alternatively spliced exon whose inclusion frequency satisfied the binomial test at the 95% confidence level (ie. p < 0.05) for the lower threshold frequency (t = 0.03) but not for the upper threshold frequency (t = 0.12) was classified as incorporated at intermediate frequency. We compared each frequency category of human genome-specific alternatively spliced exons with respect to the non-synonymous divergence (K a ) calculated for constitutive sequence in the cognate gene.
Level and breadth of constitutive exon expression
The expression level of the constitutive exons of each gene was approximated using a simple count of all EST/cDNA sequences mapped to that gene by ASAP. Breadth of expression was determined by assigning each EST/cDNA to one of 34 tissue classes using TissueInfo (Skrabanek and Campagne 2001) . Estimating adequacy of mouse EST sampling in genes with putatively human-specific alternative splicing
Genes with putatively human-specific alternative splicing of conserved exons were identified as those where gene structure is conserved in human and mouse but where alternative splicing is only observed in human. For each gene in this group we determined the number of mouse ESTs as a fraction of the number of human ESTs sampled. This scaling gives a measure of how adequate mouse EST coverage should be in recovering any conserved alternative splicing events under the assumption that alternative splicing occurs with equal frequency in human and mouse. We considered three different measures of depth of EST coverage by counting: (i) all human and mouse ESTs assigned to a gene; (ii) human and mouse ESTs from a set of named tissues only (this excludes ESTs from cancerous sources); (iii) human and mouse ESTs from the tissue(s) in which the putatively human-specific splice event (exon inclusion or skipping) is observed.
Results
Genes showing exon-skipping are more conserved than the genome average
We downloaded a set of 14,596 human-mouse orthologs with assigned gene names from Ensembl and classified them as either exhibiting exon-skipping (6,580 genes) or as having no evidence of exon-skipping ('control set' of 8,016 genes) based on ASAP annotation . We compared sequence constraint in the alternatively spliced genes to that of genes in the control set.
A commonly used measure of the degree of evolutionary constraint on a sequence is the ratio of non-synonymous substitutions per non-synonymous site (K a ) to synonymous substitutions per synonymous site (K s ). For values of K a /K s ≤ 1, this ratio is generally highest for genes whose sequences are weakly constrained by purifying selection. However, in the case of alternatively spliced sequence the K a /K s ratio has to be interpreted with greater caution because the inherent assumption that silent sites in codons are selectively neutral is more likely to be incorrect. The presence of exonic splicing enhancer (ESE) motifs in alternatively spliced exons means that nucleotide changes that disrupt these motifs are likely to be detrimental to function and are therefore subject to purifying selection (Iida and Akashi 2000; Orban and Olah 2001) . It is not known if the constraint imposed by ESE motifs is of equal strength at synonymous and non-synonymous sites or whether these motifs have evolved to have minimal impact on the encoded amino acid sequence. For this reason the usefulness of K a /K s as a measure of selective constraint on alternatively spliced exons is uncertain (but see Xing and Lee (2005) ). We found that genes undergoing alternative splicing by exon-skipping were more constrained than the control set (table 1) . We could also compare K a for these human-mouse orthologs because they all share a common divergence time. The slower evolution of alternatively spliced genes relative to the genome average is equally striking when we consider K a alone (table 1). The observed differences are made more conservative by the fact that estimates of both K a and K a /K s for alternatively spliced exons are higher than for constitutive exons (Iida and Akashi 2000; Xing and Lee 2005) .
Genome-specific alternative splicing is associated with faster protein evolution and weaker selective constraint in constitutive regions
The level of constraint on a protein sequence is likely to differ according to the protein's function. If genes in different functional categories employ alternative splicing to different extents, this could explain why alternatively spliced genes are conserved compared to the genome as a whole. To test the influence of functional bias we focused only on genes that undergo alternative splicing through exon-skipping, and classified them as showing either (i) exon skipping conserved between human and mouse, or (ii) genome-specific exon skipping where the alternatively spliced exon is found in genomic DNA of one species only. The latter group was defined based on failure of a BLASTN search to detect the alternatively spliced exon in genomic DNA of the ortholog. This fact coupled with lack of evidence for a homologous exon among ESTs in the second species indicates unambiguously that the alternatively spliced exon, and therefore the alternative splicing event, is genome-specific. Throughout this paper, we use the terms 'human genomespecific alternative splicing' and 'mouse genome-specific alternative splicing' to denote alternative splicing events that are specific to one genome and where the other genome has no ortholog of the alternatively spliced exon. We confirmed using GOstat (Beissbarth et al. 2004 ) that although genes with exon skips are biased towards certain functional terms, there was no difference in the functions performed by genes with conserved alternatively spliced exons and genes with genome-specific alternatively spliced exons (data not shown). The set of genes with conserved alternatively spliced exons therefore serves as a function-matched control for comparison to genes with genome-specific alternatively spliced exons. Although the classification of genes in these two categories is unambiguous, it should be noted that the groups differ in their degree of genestructure conservation. This potential source of bias was assessed in a later test comparing genes with putatively species-specific alternative splicing patterns but conserved gene structures (see the final section of Results).
Using human/mouse orthologs for the two groups we find that K a in genes with genomespecific alternatively spliced exons is 33% greater than in genes with conserved alternative splicing (K a = 0.061 vs. 0.046; table 2). There is also a comparable difference in the K a /K s ratio. However, a strict comparison between these groups requires us to account for the possibility of differing selective pressures on alternatively spliced exons compared to constitutive exons (Xing and Lee 2005) . For genes with conserved exon-skipping the conserved alternatively spliced exon is included in the human-mouse alignment and thus contributes to the calculation of K a and K s but this is not the case for genome-specific alternatively spliced exons. Omitting the sequence of all alternatively spliced exons from all genes had a negligible effect on the calculated values of K a , but for genes with conserved alternative splicing it reduced the estimate of K a /K s as expected (table 2) . Thus when we consider constitutive sequence only we see that K a /K s is 48% greater in genes with genome-specific alternative splicing than in genes where alternative splicing is conserved. This result suggests that there is an association between changes in a gene's alternative splicing pattern and an increase in the rate of sequence evolution in the constant part of the protein.
Productive alternative splicing
The inclusion of an alternatively spliced exon may induce a frameshift and introduce a premature termination codon (PTC) into the transcript resulting in transcript degradation by nonsense mediated decay (NMD) (Nagy and Maquat 1998) . Although alternative splicing-coupled NMD can have a regulatory role, these alternative splicing events do not increase the gene's proteincoding potential and we therefore consider them 'unproductive'. Notably, a greater proportion of non-conserved alternatively spliced exons induce frameshifts than conserved alternatively spliced exons, and many of these are likely to initiate NMD (Sorek et al. 2004 ).
We used the ASP database ) of predicted alternatively spliced transcript sets inferred from EST and cDNA data for a given human gene and repeated our analysis, excluding all cases generating transcripts with a PTC. We further focused on those cases in which the alternatively spliced exon overlaps the reading frame of the transcript This restricts the analysis to genes undergoing productive alternative splicing that is likely to generate a distinct protein product.
Since the ASP database currently contains only inferred transcripts from human we compared genes with conserved alternative splicing in human and mouse (51 genes) to those with human genomespecific alternative splicing (93 genes), considering only productive alternative splicing in both cases. The distributions of K a and K a /K s for constitutive exons from human/mouse orthologous comparisons for both sets of genes are shown in figure 1. Genes with human genome-specific alternative splicing showed a 59% increase in median K a (p < 0.005) and a 73% increase in median K a /K s (p < 0.01) in their constitutive sequence when compared to genes with conserved alternative splicing (table 2). Therefore the observed increase in evolutionary rate in genes undergoing genome-specific alternative splicing holds for productive alternative splicing events. It is important to note that this increase in K a was observed in constitutive exons and is distinct from the acceleration reported in alternatively spliced exons (Xing and Lee 2005) .
Differences in strength of selective constraint in mammals are not a reflection of inherent constraint differences
The difference in substitution rates associated with conserved versus genome-specific alternative splicing may lie in an inherent difference between these two classes of genes. Genes under relaxed selective constraint may be more liable both to change their gene structure by gaining or losing an alternatively spliced exon and to have faster rates of sequence evolution.
We addressed this issue by examining the substitution rates in genes independently of the effects of changes in alternative splicing that have emerged during the course of mammalian evolution, by using the 'representative orthologs' method of Davis and Petrov (2004) . For each pair of human/mouse orthologs we searched for fugu and zebrafish orthologs. We calculated divergence between the two fish species for two groups of genes, according to whether their mammalian orthologs showed conserved alternative splicing or genome-specific alternative splicing. In contrast to the differences seen for the mammalian genes, we found no significant difference in K a or K a /K s between the two groups of fish orthologs (table 2) . This is partly a consequence of the smaller size of the representative ortholog sample since we did detect an increase in K a in fish orthologs for genes that show genome-specific alternative splicing in mammals, but this was less dramatic than the increase seen in the study orthologs (table 2) . However, since no difference was seen in K a /K s in the fish comparison we conclude that there is no inherent difference in selective constraint between the two classes of alternatively spliced gene. In addition this result suggests that a simple sampling bias does not underlie the difference we observe between these two classes of genes in mammals.
Genes that have changed in alternative splicing pattern have also undergone changes in K a /K s ratio
We next looked for indications that changes in alternative splicing pattern have resulted in changes in selective constraint on a gene during the course of mammalian evolution. For a given gene, comparing the K a /K s ratio for human/mouse to that for fugu/zebrafish gives an indication of any change in the strength of selective constraint operating on that gene. We considered only those genes for which we were able to calculate K a /K s for both the mammal and the fish species pairs. We found that of 124 genes showing genome-specific alternative splicing (i.e., either Difference in K a /K s ratio is not due to bias with respect to known predictors of evolutionary rate
We looked for alternative explanations of our results using three important predictors of rate of sequence evolution of a gene, namely expression level, breadth of expression, and genetic redundancy. Highly expressed genes are more conserved than genes expressed at low levels (Krylov et al. 2003) , and broadly expressed genes are more conserved than genes expressed only in a subset of tissues (Duret and Mouchiroud 2000; Huminiecki and Wolfe 2004; Zhang and Li 2004) . It is not known whether there are differences in expression level or breadth between genes with conserved alternative splicing and genes with genome-specific alternative splicing (Resch et al. 2004a) and there is no a priori reason to suspect any. However, if these variables cannot be eliminated as possible explanations for our result we do not need to invoke any other, less trivial, explanations.
The difference we see in evolutionary rate relates to constitutive exons. So we set out to determine the level and breadth of expression of constitutive exons in each gene by pooling EST information from all its alternative transcript isoforms. Using the number of assigned ESTs mapped to the genome for each gene as a simple measure of its expression we found no difference in expression levels of genes in the two categories of alternative splicing conservation. In human the median number of ESTs for genes with conserved alternative splicing and genome-specific alternative splicing were 72 and 69, respectively. The corresponding numbers for mouse are 37 and 39. Similarly, there is no difference in breadth of expression for genes in the two alternative splicing conservation categories. The median number of human tissues showing evidence of expression was nine both for genes with conserved alternative splicing and for genes with genome-specific alternative splicing.
Selective constraint can also be affected by presence of a close paralog. Genes that have undergone recent duplication experience relaxation of purifying selection corresponding to a period of functional redundancy (Kondrashov et al. 2002) and this is detected as an increase in K a /K s between the paralogs (Lynch and Conery 2000; Jordan et al. 2004 ). We tested whether our two categories of genes (conserved alternative splicing and genome-specific alternative splicing) differed with respect to possession of a close paralog. The median value of K s to the nearest paralog did not differ between categories (data not shown) therefore the difference in orthologous K a /K s between categories can not be explained as resulting from different propensities to undergo gene duplication.
Genome-specific alternatively spliced exons are likely to be exon gains
If the association between having a genome-specific alternatively spliced exon and faster protein evolution reflects causation, our observations suggest one of two possibilities. First, genome-specific alternatively spliced exons could be recent gains in one lineage that have had a knockon effect of speeding up protein sequence evolution. Alternatively, genome-specific alternatively spliced exons could be due to recent exon losses in the sister lineage, which would imply that loss of alternatively spliced sequence accelerates the substitution rate.
We attempted to distinguish between these two possibilities by using chicken (Hillier et al. 2004) as an outgroup species to determine the direction of change. We used human alternatively spliced exons absent from mouse to search both the chicken genome and transcriptome, and compared their detection rate to that of alternatively spliced exons conserved in human and mouse. We did not use mouse-specific alternatively spliced exons for this analysis because the number of cases, and the EST coverage of mouse, is lower.
Direct sequence matches between alternatively spliced exons and chicken chromosomes recovered putative chicken homologs for conserved human-mouse alternatively spliced exons much more frequently than for alternatively spliced exons that are present in human but not mouse. The detection rate for the latter category was close to zero (table 3) . These results point towards exon gain as the source of exons that are alternatively spliced in human but are absent from the mouse genome, lending support to the first possibility above. The validity of this assertion depends on the assumption that BLAST has the same power to detect chicken homologs of exons in the two classes (conserved alternative splicing and genomespecific alternative splicing) between human and mouse. This may not be the case if exons in the latter category are faster evolving, in which case failure to detect a BLAST hit in the chicken genome for a given exon cannot be taken as evidence of its absence from chicken. However, we think it is unlikely that a difference in evolutionary rates alone could produce the sort of qualitatively different results for the two classes seen in table 3. One way to partly account for possible rate differences among exons is to use a low stringency search of the chicken transcriptome for putatively homologous chicken exons without requiring a direct sequence match to the alternatively spliced exon. We did this by searching chicken ESTs with a human query consisting of the alternatively spliced exon plus additional sequence from its flanking exons. Chicken ESTs aligning to the sequence of both flanking exons and which contain a stretch of intervening EST sequence were scored as containing a chicken homolog of the human alternatively spliced exon even in the absence of any detectable sequence similarity to the exon itself. However, this approach is itself based on the assumption that all the alternatively spliced exons in question are spliced at equivalent frequencies, but the two sets of alternatively spliced exons under study here show a significant difference in their frequency of incorporation. Nonconserved alternatively spliced exons are spliced at low frequencies into minor-form transcripts, whereas alternatively spliced exons conserved between human and mouse are generally represented among major-form transcripts . This means that a given number of chicken ESTs may be sufficient to detect a homolog of a human alternatively spliced exon if it is found in the major-form transcript, but not if it is exclusive to the minor-form. We attempted to allow for splicing frequency differences by considering only 'high confidence cases', i.e., alternatively spliced exons whose splicing frequency in human and EST coverage in chicken is such that we expect to detect homologs in chicken if they do exist (Kan et al. 2002) . Since only a small number of such high-confidence cases exist among alternatively spliced exons found in human but not in mouse, we had insufficient evidence from this 'low stringency' strategy to determine the ancestry of many exons. Thus we conclude that it is likely, but not certain, that genome-specific alternative exons are gains.
Influence of frequency of incorporation of alternatively spliced exons
If the gain of an alternatively spliced exon is responsible for increasing the rate of amino acid change in constitutive regions of the gene then we might expect the strength of this effect to be proportional to the frequency at which the alternatively spliced exon is spliced into mRNA. Considering only genome-specific alternatively spliced human exons that are translated and productive we classified each alternatively spliced exon by its frequency of incorporation and binned the alternatively spliced exons into three frequency categories on this basis. A strong correlation was detected between the binned splicing frequency and K a for constitutive exons (Spearman rank correlation rho = 0.353, p < 0.001, n = 107). The median values of K a for genes with genome-specific alternatively spliced exons incorporated at low (n= 36), medium (n= 37) and high frequency (n= 35) were 0.053, 0.086 and 0.122 respectively ( fig. 2) . A different method of classifying exons by splicing frequency is based on the counts of ESTs that either include or exclude the exon and uses inclusion thresholds of 33% and 66% (Resch et al. 2004a ) to produce low, medium and high frequency bins. Using this approach gave us a very similar result (not shown). However, the classification of alternative splicing frequency using either approach introduces a bias because low frequency alternative splicing events are more easily detectable in highly expressed genes and gene expression level is a known correlate of evolutionary rate (Krylov et al. 2003) .
To establish whether the slower evolution of genes with lower alternative exon inclusion frequency is explained by their higher expression level, we calculated the partial correlation between splicing frequency and K a controlling for EST coverage (Spearman partial correlation rho = 0.288, p < 0.01, n = 107). This confirms that there is a positive correlation between frequency of human genome-specific alternative exon inclusion and evolutionary rate in the constitutive parts of the gene, independent of EST coverage level. In contrast no such relationship was found between alternative splicing frequency and K a among a control set of alternatively spliced exons conserved between human and mouse (not shown).
Species-specific alternative splicing in genes with conserved exon-intron structure
The results described above indicate a higher rate of protein evolution among genes having genomespecific alternatively spliced exons compared to genes where there is conservation of both the alternatively spliced exon itself and of each alternative splicing event (exon inclusion and exclusion) as detected in human and mouse ESTs. The advantage of contrasting these two groups is that genes in the former group can be unambiguously classified as undergoing species-specific alternative splicing, because there is no genomic evidence of the alternatively spliced exon in the orthologs of these genes. However, these two classes of genes differ not only in the degree of conservation of their alternative splicing patterns but also in the degree of conservation of gene structure. Thus alternative splicing alone may not underlie the described disparity in rates of protein evolution because this may simply reflect faster sequence evolution of genes for which evolution of gene structure is also fast.
In order to account for any effect of changes in gene structure during evolution, we considered genes whose gene structure is conserved between human and mouse but whose alternative splicing pattern appears to have changed. These genes show evidence of both inclusion and exclusion of an alternatively spliced exon in the first species (e.g., human) but no evidence for alternative splicing of that exon in the second species (e.g., mouse). Classification of these genes is problematic because for some genes conserved alternative splicing may not be detected in one species due to undersampling of ESTs in the second species. Alternatively, some genes in this group may be undergoing truly species-specific alternative splicing. Since this group is likely to be a mixture of both types of gene we consider these genes as having genomically conserved exons whose alternative splicing conservation is 'unclassified'.
We retrieved two sets of such 'unclassified' genes from the ASAP database. Both sets consist of genes showing evidence of alternative splicing in human. In the first set ('mouse skip' set) the mouse ortholog shows no EST evidence of inclusion of the exon, but there is sufficient sequence conservation in the mouse genome to suggest that a cryptic, possibly functional, exon exists. In the second set ('mouse inclusion' set) there is no EST evidence for skipping of the relevant exon in the mouse ortholog.
We consider genes in these two sets to show putatively human-specific alternative splicing. It is important to note that we cannot distinguish truly human-specific alternative splicing in these genes from alternative splicing that is simply more frequent in human than in mouse and has not yet been detected in mouse. In determining the effect on evolutionary rate, these sets of genes are only informative if they can be considered to be enriched for genes having human-specific alternative splicing. We therefore asked whether EST sampling of the mouse genes in these sets is sufficiently deep that we would expect to observe both exon inclusion and exon skipping in the mouse ESTs if alternative splicing were conserved. If a given mouse gene has been adequately sampled with ESTs and we still fail to observe a mouse counterpart for an alternative splicing event seen in human, then we can be more confident that the apparent human-specific alternative splicing in this gene is real.
Using a range of approaches we found that mouse EST coverage in the 'mouse skip set' and in the 'mouse inclusion set' is comparable with or even better than the control set (table 4). It is notable that, even in control genes where mouse EST coverage is adequate and detects conservation of alternative splicing, mouse EST coverage is only half that of human.
On this basis both the 'mouse skip' and 'mouse inclusion' categories can be considered to be enriched for human-specific alternative splicing of conserved exons. This assertion is supported by a recent study which exploited the fact that most putatively human-specific alternatively spliced exons (corresponding to our 'mouse inclusion' group) have sequence features that can be used to discriminate them from conserved alternatively spliced exons. This led to an estimate that for 89% of such exons alternative splicing is likely to be human-specific (Yeo et al. 2005) .
It is therefore meaningful to compare K a for constitutive sequence between these genes and the control group of genes with conserved alternative splicing. We saw a significant increase in K a for genes in the 'mouse-skip' category (n = 163, median K a = 0.068, p < 0.05) and in the 'mouse-inclusion' category (n = 364, median K a = 0.062, p < 0.01) compared to the control set (n = 66, median K a = 0.046): an increase of 48% and 35% respectively. This suggests that genes with species-specific alternative splicing but conserved gene structure also show accelerated protein evolution in constitutive regions.
Discussion
Our results indicate that gaining an alternatively spliced exon is associated with an increased rate of evolution in the constitutive exons of a gene. We have not attempted to determine the origin of these gained exons. We note that other studies have reported that tandem exon duplication is one source of alternatively spliced exons (Kondrashov and Koonin 2001; Letunic et al. 2002) , but none of the probable recent exon gains that we identified showed evidence of this. If genome-specific exons are created by tandem duplication then the lack of detectable sequence homology in the orthologous gene must be due to rapid sequence change following duplication. By restricting our comparison to genes undergoing alternative splicing by exon-skipping, and subdividing these into those cases where alternative splicing occurred in the ancestor of human and mouse, and those where alternative splicing emerged in the human or mouse branch only, we have been able to focus on the impact of alternative splicing on recent mammalian sequence evolution. This approach was designed to eliminate the influence of functional differences between genes, unlike the comparison of sequence constraint in alternatively spliced genes to genes in the genome as a whole. Thus, although genes showing alternative splicing by exon-skipping are a slow-evolving subset of the human genome, there is an increased rate of sequence evolution in the immediate aftermath of the appearance of alternative splicing. This result is reminiscent of observations about the evolution of duplicated genes. A number of studies have reported relaxation of sequence constraint in duplicated genes compared to singletons (Lynch and Conery 2000; Van de Peer et al. 2001; Nembaware et al. 2002; Seoighe et al. 2003) , but it has recently been shown that genes that tend to remain duplicated are generally more slowly evolving than genes that are found in single copy (Davis and Petrov 2004; Jordan et al. 2004) . It therefore appears that conserved genes are more likely than faster evolving genes to undergo diversification by either gene duplication or alternative splicing, and that both processes result in an increased rate of sequence change.
Several sources of error are linked to observations of alternative splicing at the genomic level. The primary question is: how reliable is any given observation of alternative splicing? Many EST sequences are derived from cancerous tissue sources and these may exhibit a high rate of aberrant splice events that are not relevant to normal function (Sorek et al. 2004) . This is likely to have a disproportionate effect on observations seen in only one species because alternative splicing events conserved across species are more likely to be functional. This may reduce confidence in our observation of a difference in evolutionary rate between the two categories of alternatively spliced genes. However, two sources of evidence reinforce our result. First, if a given alternative splicing event occurs at high frequency we can be more confident that the event is functional (Kan et al. 2002) . Our results show that genes with genome-specific alternative splicing occurring at high frequency (>12%) show the greatest elevation of evolutionary rate. Second, restricting our analysis to include only those alternative splicing events that do not initiate NMD and which encode a distinct translation product shows that the observed rate difference is robust.
The limitations of the analogy between the evolution of gene duplicates and genes undergoing alternative splicing become apparent when we consider that alternatively spliced isoforms are not as free to evolve as paralogs. Nevertheless, we note that a recent study implicitly suggests an evolutionary equivalence between gene duplicates and alternative isoforms (Kopelman et al. 2005 ). In the case of paralogs the increase in evolutionary rate observed following gene duplication is often explained as resulting from functional redundancy between duplicates because the fates of the two paralogs are uncoupled, thus leading to relaxed selection on one of them (Van de Peer et al. 2001; Nembaware et al. 2002; Seoighe et al. 2003) . In contrast, accelerated sequence evolution in the constitutive parts of alternatively spliced genes can not be attributed to simple sequence redundancy. When a gene becomes alternatively spliced, the evolutionary fates of the two transcripts are tightly coupled because some exons remain common to both transcripts. In this case only the alternatively spliced sequence itself would be expected to provide raw material for evolutionary change. This is implied by Modrek and Lee's original model where alternative splicing generates an internal paralog that is shielded from the constraints imposed by purifying selection and has been supported by more recent results Xing and Lee 2005) . However, our results show that the constitutive exons shared between transcripts are themselves subject to alteration of sequence constraint following the acquisition of alternative splicing.
The slower evolution we observe in genes undergoing alternative splicing by exon-skipping compared to the average genome-wide rate of evolution is consistent with the classical model of evolutionary constraint accompanying pleiotropy (Fisher 1930) . Thus the fact that an alternatively spliced gene may have multiple roles associated with its multiple isoforms Resch et al. 2004b ) means that an individual mutation is more likely to be deleterious. On the other hand, we can imagine the constitutive exons in an alternatively spliced gene as being subjected to two distinct selective regimes corresponding to the different functions of its isoforms. This can be likened to a state of adaptive conflict (Piatigorsky and Wistow 1991) where changes beneficial to one function may be deleterious to the other. Selective constraint will be imposed by the need to maintain ancestral gene function (encoded by the major-form transcript), which will tend to brake sequence change in the constitutive region of the gene. However, the potential functional innovation associated with an internal paralog (encoded by the minor-form transcript) may demand correlated sequence changes in constitutive regions, thus increasing the rate of sequence evolution in the gene as a whole. These amino acid changes may be fixed if they have an adaptive benefit in the context of the function of the minor isoform while being selectively neutral, or even slightly deleterious, to the function of the major isoform. Piatigorsky and Wistow (1991) proposed that gene duplication can resolve the stalemate between these opposing selective forces. Our results demonstrate that the constitutive exons of alternatively spliced genes possess sufficient plasticity to accommodate the competing functional demands of their isoforms. This is underlined by our observation of a correlation between frequency of alternative exon incorporation and evolutionary rate in constitutive regions. These observations mirror results from a recent directed evolution study which demonstrated that negative trade-offs between different enzyme functions are much weaker than expected (Aharoni et al. 2004) . We should, however, be cautious before interpreting the strong correlation between the apparent gain of genome-specific alternative splicing and the increased rate of protein evolution as reflecting an actual causation. Both variables may be under the influence of some untested variable whereby, following the human-mouse split, a change in selective pressure operating on a gene may manifest itself both as a change in gene structure and in an increased rate of non-synonymous evolution.
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Figure legends Distributions of (A) K a and (B) K a /K s for constitutive exons from human/mouse orthologous comparisons of 50 genes with conserved alternative splicing (dark gray) and 95 genes with human genome-specific alternative splicing (light gray). All alternative splicing events overlap the ORF and generate productive transcripts without PTCs.
Figure 2
Association between frequency of incorporation of human genome-specific alternatively spliced exons that are translated into productive alternatively spliced variants and K a of constitutive gene sequence between human and mouse. The lower and upper bounds of each box depict the first and third quartiles, respectively, whilst the horizontal line within each box corresponds to the median. The lower and upper whiskers extend to the most extreme data point within 1.5 times the interquartile range of the first and third quartiles, respectively. NOTE.-Significance was tested using a two tailed Wilcoxon rank sum test. Genome-specific AS 1 (50%) 1 (50%) 225
NOTE.-'Conserved' alternatively spliced exons are conserved with respect to human and mouse. 'Genome-specific' alternatively spliced exons are found in a human gene but absent from genomic sequence of the mouse ortholog. Chicken genes with sufficient EST coverage to be confident of recovering homologs for a given human alternatively spliced exon were identified on the basis of a binomial test (Kan et al. 2002) . See Methods for details.
a Exons without anchoring matches to genomic or EST sequence were not scored. In addition, for the bottom panel exons for which chicken EST coverage was inadequate were not scored. Table 4 Mouse EST coverage (expressed as the median percentage of human EST coverage for each gene) for genes having alternatively spliced (AS) exons in human but for which the homologous mouse exon is either consistently skipped ('mouse skip') or consistently included ('mouse inclusion'). 
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